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Hox and Cdx transcription factors regulate embry-
onic positional identities. Cdx mutant mice display
posterior body truncations of the axial skeleton, neu-
raxis, and caudal urorectal structures. We show that
trunk Hox genes stimulate axial extension, as they
can largely rescue these Cdx mutant phenotypes.
Conversely, posterior (paralog group 13) Hox genes
can prematurely arrest posterior axial growth when
precociously expressed. Our data suggest that the
transition from trunk to tail Hox gene expression
successively regulates the construction and termina-
tion of axial structures in the mouse embryo. Thus,
Hox genes seem to differentially orchestrate poste-
rior expansion of embryonic tissues during axial
morphogenesis as an integral part of their function
in specifying head-to-tail identity. In addition, we
present evidence that Cdx and Hox transcription
factors exert these effects by controlling Wnt sig-
naling. Concomitant regulation of Cyp26a1 expres-
sion, restraining retinoic acid signaling away from
the posterior growth zone, may likewise play a role
in timing the trunk-tail transition.
INTRODUCTION
The Hox and ParaHox gene families are believed to be derived
from a common ProtoHox gene cluster that existed before the
cnidarian and bilaterian clades diverged from each other
(Chourrout et al., 2006; Garcia-Ferna`ndez, 2005) This archetype
Hox cluster acquired additional genes in cis, and it was dupli-
cated twice as part of the genome-wide duplications in verte-
brates. In contrast, the ancestral ParaHox cluster apparently
never acquired more than three or four members. One of these
is the Caudal-related gene Cad or Cdx. Sequence analysis
supports the view that vertebrate gene duplications of the Para-
Hox cluster together with gene loss have resulted in a single516 Developmental Cell 17, 516–526, October 20, 2009 ª2009 Elseremaining mammalian ParaHox cluster carrying Cdx2 as well
as two isolated Cdx genes on different chromosomes named
Cdx1 and Cdx4 (Ferrier et al., 2005). The mouse genome thus
has three paralogous Cdx genes that are believed to correspond
to a nonanterior ancestral Hox gene (Chourrout et al., 2006).
It is widely accepted that Hox genes regulate anteroposterior
(A-P) specification in bilaterians (reviewed by Holland and Gar-
cia-Fernandez, 1996; Kmita and Duboule, 2003; McGinnis and
Krumlauf, 1992). In addition, Cdx genes are required to correctly
pattern the head-to-tail axis.Caudalwas shown to be a posterior
homeotic gene in flies (Moreno and Morata, 1999) . Mouse Cdx
genes modulate A-P vertebral patterning, at least in part by regu-
lating the expression of particularHox genes (Subramanian et al.,
1995; van den Akker et al., 2002). Analyses in Xenopus laevis and
chicken embryos have shown that Cdx gene products act down-
stream of Fgf signaling to regulate 50 Hox genes in the posterior
part of the embryo (Bel-Vialar et al., 2002; Isaacs et al., 1998;
Pownall et al., 1998) during the establishment of A-P identity.
Most of the work on Hox and Cdx genes during axial develop-
ment has focused on analyzing the role of these genes in the A-P
patterning of nascent tissues. More recently, Cdx genes have
been found to be essential to posterior tissue expansion during
embryogenesis in mice (van den Akker et al., 2002; Chaweng-
saksophak et al., 2004) and in zebrafish (Davidson and Zon,
2006; Shimizu et al., 2005).
Mutations causing loss ofHox function have not been found so
far to cause posterior axial truncations, in spite of the common
ancestral origin and the similarity in early expression of Cdx
and Hox genes. We now provide experimental evidence that
gain of function of Hox genes belonging to the ‘‘central’’ group
significantly rescues the truncation of the posterior axis in Cdx
mutants, and thus stimulate trunk tissue expansion during poste-
rior axial growth. Strikingly, a Hox gene of the most 50 paralog
group, Hoxb13, had been shown to inhibit axial extension since
its loss of function caused an overgrowth of caudal vertebrae
(Economides et al., 2003). We show here that precocious
expression of paralog group 13 (PG13) Hox genes arrests the
posterior addition of tissues prematurely. We propose that
the time-dependent balance between the expression of Cdx
and trunk Hox genes on the one hand, and late-expressedvier Inc.
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successively promote and arrest axial elongation. The Hox
genes therefore would integrate the processes of tissue genera-
tion and A-P patterning, ensuring coordinated axial morphogen-
esis. We also present evidence that posterior activation of the
canonical Wnt signaling pathway in the Cdx mutants rescues
their axial truncation, suggesting that Cdx transcription factors
are maintaining active posterior Wnt signaling needed to sustain
tissue generation during trunk axial extension. Cdx and trunk
Hox genes would also ensure posterior retinoic acid (RA) clear-
ance in the ‘‘posterior growth zone’’ (term adopted from the
terminology used in short and intermediate germ band animals
[Copf et al., 2004]), during trunk elongation, possibly contributing
to ensure the maintenance of tissue expansion from the posterior
progenitors.
RESULTS
Hox and Cdx Genes Are Expressed in Progenitor Areas
for the Trunk and Tail
During mouse embryogenesis, Hox genes are first transcribed in
a sequential manner in and along the primitive streak and node
region at the late primitive streak stage (Forlani et al., 2003;
Deschamps and van Nes, 2005). These areas contain the
progenitors of the future trunk axial and paraxial tissues in the
three germ layers (endoderm [Tam et al., 2007]; mesoderm and
neurectoderm [Tam and Beddington, 1987; Kinder et al., 1999;
Cambray and Wilson, 2007]). LikeHox genes,Cdx genes are first
expressed in the primitive streak at the late streak stage
(Deschamps and van Nes, 2005). This expression in progenitor
regions that contribute descendants during body axis extension
is maintained at later stages as the embryo generates its trunk
and tail tissues from the older primitive streak, and later the tail-
bud (Figure S1A, available online).
Cdx Partial Loss of Function Leads to a Premature
Arrest of the Generation of Nascent Mesoderm
and Neurectoderm, and of Endoderm Expansion
Single or combined inactivation of Cdx1 and Cdx4 does not
compromise axial elongation (Subramanian et al., 1995; van
Nes et al., 2006). Cdx2 null embryos do not implant due to tro-
phectoderm defects (Chawengsaksophak et al., 1997; Niwa
et al., 2005), but tetraploid rescue bypasses this early block
and generates embryos with severe posterior axial truncations
(Chawengsaksophak et al., 2004). Cdx2 heterozygotes miss
the very last tail vertebrae (Chawengsaksophak et al., 1997).
When introduced in the Cdx4 null background, Cdx2 heterozy-
gosity led to a strong increase in the severity of the premature
arrest of axial extension of Cdx2 heterozygotes (Figure S1B).
The Cdx2+//Cdx4/ embryos (from now on referred to as
Cdx2/4 mutants) were axially severely compromised (13 out of
13, Tables S1 and S2). In addition, most of them died around
embryonic day 10.5 (E10.5) due to deficiencies in the placental
labyrinth, the vascular part of which derives from posterior
mesoderm expressing Cdx genes at earlier stages (van Nes
et al., 2006). Examination of the Cdx2/4 mutant embryos at
E9.5 revealed deficiencies in posterior axial and paraxial tissues
(Figures 1A and 1B). At E15.5, the surviving mutants were devel-
opmentally retarded, and their axial skeleton was truncated atDevelopsacrocaudal levels (Figures 1C–1E). Prevertebrae in the Cdx2/4
mutants appeared thinner from lumbar levels onward, and verte-
bral fusions and dysmorphologies were observed, mostly at
lumbar and sacral levels (not shown in detail here). In addition,
homeotic-like anterior transformations were detected at the
thoracolumbar transition (Table S1). Using mutant alleles for
the three Cdx genes, we found that Cdx2 is the main player in
ensuring completion and patterning of the posteriorly extending
embryonic axis (Figure S1B; data not shown).
The first manifestation of the axial phenotype of Cdx2/4
mutants is a decrease in size of the posterior embryonic region,
including the presomitic mesoderm (PSM) compared with that in
age-matched wild-type (WT) littermates. This is first apparent in
mutant embryos at the 7- to 9-somite stage, a stage at which the
PSM corresponds to presumptive lower cervical prevertebrae.
Observation and size measurement of freshly isolated embryos
(Figures S1C and S1D), and detection of transcripts of genes
expressed in the PSM (Tbx6 [Chapman et al., 1996]) and in seg-
menting mesoderm (Mesp2 [Saga et al., 1997], Hes7 [Bessho
et al., 2001], and UncX4.1, [Rovescalli et al., 1996]) (Figures
1A, 1B, and 1F–1M) confirmed that the posterior embryonic
part is shortened in mutant embryos, and that the last formed
somite is located closer to the distal tip of the axis. These obser-
vations point to a slowing down of tissue generation in the three
germ layers, and to an imbalance between the generation of
mesoderm and continuing somitogenesis in mutant embryos.
The decrease in tissue production became more severe with
time, eventually leading to exhaustion of the PSM shortly after
E10.5.
The impaired posterior elongation in Cdx mutants also
affected the caudal hindgut endoderm. Rectal agenesis was
observed in mutant embryos at E15.5, leading to an enlarged,
fluid-filled bladder and hindgut in fetuses and newborns (an
example is shown in Figure 3E). No massive cell death occurred
in Cdx2/4 embryos at E8.5 or at E9.5, when the posterior trunca-
tion phenotype was already evident (Figure S3D; data not
shown).
Trunk Hox Genes Rescue Posterior Truncation Defects
in CdxMutants
Given the evolutionary relatedness of Cdx and Hox genes, and
the similarities of their early expression in the posterior part of
the embryo at the site of axial extension, we tested if Hox genes
are also involved in tissue expansion during body axis elonga-
tion. Cdx genes regulate at least some of the Hox genes, such
as Hoxa5 and Hoxb8 (Charite´ et al., 1998; Gaunt et al., 2008;
Subramanian et al., 1995; Tabarie`s et al., 2005). This suggests
that Hox genes might be targets and mediators of Cdx function.
We tested Hoxb8 and Hoxa5, which are regulated by Cdx
proteins via Cdx-binding sites in their regulatory region (Charite´
et al., 1998; Tabarie`s et al., 2005) (Figure S2A), for their potential
to rescue the posterior axis truncation of Cdx2/4 mutant
embryos. These trunk Hox genes belong to the ‘‘central’’ group
ofHox genes (Ogishima and Tanaka, 2007). We expressed these
genes within the Cdx2 spatiotemporal window by using a Cdx2
promoter fragment that recapitulates the embryonic expression
pattern of the gene in the posterior structures (Benahmed et al.,
2008). Embryos from the transgenic lines expressed the Hox
transgenes in a domain and at a level similar to endogenousmental Cell 17, 516–526, October 20, 2009 ª2009 Elsevier Inc. 517
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and 2G). Newborn Cdx2PHoxa5 and Cdx2PHoxb8 transgenic
mice in the WT background exhibited no axial extension abnor-
malities (data not shown). In the Cdx2/4 mutant background,
gain of Hoxb8 expression from the transgene compensated for
the loss ofCdx alleles and significantly restored the axial skeleton
morphology of the trunk and tail in 17 out of 17 cases (Figures 3A–
3K; Table 1; and Table S2, with details on the extent of the rescue
in seven of the Cdx mutants by Hoxb8). The placental deficiency
that causes in utero lethality of many Cdx2/4 mutants (van Nes
et al., 2006) was also rescued by the Hoxb8 transgene. This
was indicated by a significantly higher number of animals born
with theCdx2/4mutant genotype that carry theHoxb8 transgene,
compared with Cdx2/4 mutants (Table S3), and by histological
analysis of the placental labyrinth of the Hoxb8 transgenic
Cdx2/4 mutants at E10.5 (not shown). Analysis of mutant and
rescued animals at postnatal day 2 (P2) showed that the urorectal
function was restored as well in most cases (15 out of 17)
(Figure 3F versus Figure 3E; data not shown; Table S3). Hoxa5
was also able to rescue the posterior truncation of Cdx mutants,
although to a lesser extent than Hoxb8 (Figure S2B; Table 1;
Table S2, documenting rescue of four out of seven Cdx mutants
by Hoxa5). Thus, at least two central or trunk Hox genes
(members of different paralogy groups) can compensate for
Cdx deficiency in posterior axial elongation.
These data reveal the capacity of Hox genes to correct Cdx
deficiency in the generation and expansion of posterior axial
tissues. The Hox transgenes did not act by upregulating the
intact Cdx2 allele in the Cdx2/4 mutants (Figure S2C; data not
shown). Trunk Hox genes rescue the posterior truncation seen
in Cdx2/4 mutants either by virtue of their acting downstream
of Cdx genes, or by acting in concert with Cdx genes. In any
case, Hoxb8 does not seem to transcriptionally activate the
Cdx downstream program, since a lacZ reporter driven by
a promoter containing a series of functional Cdx-binding sites
(Charite´ et al., 1998) did not respond to the rescuing Hoxb8
transgene in Cdx2/4 mutant embryos (Figure S2D).
This work thus provides evidence that Hox genes have the
capacity to control both the generation of well-organized new
axial tissue in the three germ layers, as well as to provide it
with A-P positional instruction. The rescue of Cdx2/4 axial trun-
cations by the Hoxb8 or Hoxa5 transgenes is not complete (see
above), but considering the extent of improvements brought
about by one of the 39 Hox gene family members, expressed
in a physiological range (Figure 2), the case for considering the
Hox genes as regulators of posterior axial tissue expansion is
quite compelling.
Figure 1. Phenotype and Gene Expression in the Posterior Region of
Cdx Mutant and Wild-Type Embryos
(A and B) Photographs of whole mounts (inserts) and posterior parts of a (A)
wild-type (WT) embryo and a (B) Cdx2/4 embryo at E9.0 (20 somite). Arrows
point to the last formed full-size somite.
(C–E) Skeletal preparations of E15.5 WT, Cdx2+/ (Cdx2het), and Cdx2+//
Cdx4/ (Cdx2/4) mutant embryos.
(F–M) Whole-mount in situ hybridization of (F and G) E8.5 WT andCdx2/4mutant
embryos with Tbx6, and (H–M) E10.5 WT and Cdx2/4 mutant embryos with
(H and I) Mesp2, (J and K) Hes7 , and (L and M) Uncx4.1.
Anterior is oriented toward the top in (C)–(E) and toward the right in (F)–(M). The
scalebar represents0.25mmin (A)and (B), 1.5mmin (C)–(E), and0.5mmin (F)–(M).vier Inc.
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ExtensionWhenPrecociously Expressed inWTEmbryos
Hoxb13 is unique among the 39 mouse Hox genes in that its loss
of function results in a phenotype with a longer axis (Economides
et al., 2003), suggesting that this latter Hox gene functions differ-
ently from central Hoxa5 and Hoxb8 during axial extension. To
look further into this difference, we wanted to compare the effect
of Hoxb13 and other paralogy group (PG) 13 Hox genes with the
effect of central Hox genes on the Cdx2/4 truncated mutants, in
conditions in which they are expressed in the same Cdx2 spa-
tiotemporal window. Loss-of-function mutations in Hoxa13,
Hoxc13, andHoxd13 do not affect the elongation of the vertebral
and neural axis (Fromental-Ramain et al., 1996; Dolle´ et al., 1993;
Godwin and Capecchi, 1998). PG13 Hox genes are expressed
Figure 2. Expression of the Endogenous Hox Genes and Cdx2P-
Driven Hox Transgenes in Embryos
(A–F) Expression of Hoxb8, Hoxa5, and Hoxb13 in (A, C, and E) wild-type (WT)
and in (B, D, and F) Hox-expressing transgenic embryos at E9.5. Shown here
are embryos from one of the transgenic lines made for each construct; this line
has been used the most in the functional experiments.
(G) Expression of Cdx2 in an E9.5 WT embryo. Anterior is oriented toward the
left. The scale bar represents 0.5 mm.Developafter E10.0–E10.5 in embryonic axial tissues that form caudally
to the presumptive trunk/tail transition (Figure S3A). This time
point is at the end of the window of theCdx2/4mutant truncation
phenotype (see Figure 6G). This means that PG13Hox genes are
normally not involved in axial extension of the trunk. We
reasoned that they might be involved in slowing down axial
extension after the trunk-tail transition.
We designed transgenic constructs precociously expressing
aHoxa13 cDNA in the posterior growth zone of the embryo using
theCdx2 (Benahmed et al., 2008) and the T Brachyury (Clements
et al., 1996) promoters. No founder mouse expressing any of the
transgenes survived to term. Strikingly, transgenic embryos at
E10.5 were truncated in a way similar to the Cdx2/4 loss-of-
function mutants (Figures 4A–4D). Transgenic mice expressing
Hoxc13 precociously from either the PSM-restricted Dll1 pro-
moter (Beckers et al., 2000) or from the posterior encompassing
Cdx2 promoter described above were generated but died at
birth. Skeletal analysis of Dll1PHoxc13 and Cdx2PHoxc13
E18.5 fetuses revealed that they miss most caudal vertebrae;
have thinner, irregular, and partially fused sacral vertebrae;
and sometimes abnormalities at lumbar levels (Figures 4E–4G).
Expression of Hoxb13 from the Cdx2 promoter was com-
patible with survival of the transgenic animals. Hemizygous
Cdx2PHoxb13 animals did not exhibit posterior truncations,
except when carrying the Cdx4 null mutation as well (Table S2).
Homozygous transgenic Hoxb13 mice had a shorter tail (Fig-
ure 4H). The phenotypes of all of these Hox13 gain-of-function
mice were reminiscent of the posterior defects of Cdx2/4
mutants. In addition, one of the Hoxb13 transgenic founders
and the only Hoxc13 founder that survived after birth both suc-
cumbed after a few weeks and were found to exhibit hindgut
and bladder abnormalities of the type discovered in Cdx2/4
mutants (not shown). Given this similarity between the pheno-
type of loss of Cdx and precocious gain of PG13 Hox functions,
we tested whether the expression of the PG13 Hox gene is not
precociously activated in Cdx2/4 mutants. As in WT, no expres-
sion of any PG13 Hox gene was detected in Cdx2/4 mutants at
E9.5/E10.0 (Figure S3B), revealing that the mechanism of action
of Cdx gene products is not mediated by inhibiting PG13 Hox
gene activity.
We conclude that precocious expression of Hox genes of the
last paralogy group interferes negatively with posterior extension
of the embryonic axis with a phenotypic result similar to that of
loss of function of Cdx genes. In agreement with this conclusion,
we observed that Cdx2PHoxb8 transgenic expression, shown
above to rescue the Cdx2/4 mutant defects, also corrects the
posterior truncation of Hoxb13 transgenic animals (Figure 4I).
We tested whether the transcription of Cdx2 was impaired by
the early Cdx2PHoxc13 gain of function in transgenic embryos.
The extent of the expression domain of Cdx2 was reduced at
E9.5, but the transcriptional level of the gene in the expressing
tissue did not seem to be significantly reduced (Figure S3C;
data not shown). It is possible that precocious expression
of the posterior PG13 Hox genes interferes with the action
of Cdx and trunk Hox genes at a posttranscriptional level, a situ-
ation reminiscent of the ‘‘posterior prevalence’’ phenomenon
described in mouse limb, trunk, and gut development (Zacchetti
et al., 2007 for the gut case, and references therein), based on
a mechanism of interference called ‘‘phenotypic suppression’’mental Cell 17, 516–526, October 20, 2009 ª2009 Elsevier Inc. 519
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Cdx2/4 mutant embryos, Cdx2PHoxc13 transgenic embryos
did not show increased apoptosis in the posterior growth zone
(Figure S3D).
Cdx and Hox Transcription Factors Act Upstream of Wnt
Signaling to Maintain Trunk Axial Elongation
Wnt signaling has been found to act upstream of Cdx and Hox
gene expression during early A-P patterning (Pilon et al., 2006;
Ikeya and Takada, 2001; Forlani et al., 2003). In addition,
Wnt3a has been reported to be essential for posterior axial elon-
gation (Takada et al., 1994; Yoshikawa et al., 1997; Ikeya and
Takada, 2001). The dynamics of expression ofWnt3a in posterior
axial tissues follows that of Cdx and central Hox genes
(Figure 6G; Figures S1A and S4A). The end of trunk elongation
in WT embryos was preceded by the decrease of Cdx/central
Hox transcription in posterior tissues (Figure S1A), and by the
arrest of Wnt3a expression around E12.5 (Cambray and Wilson,
2007) (Figure S4A).Cdx2/4 loss of function was accompanied by
a decrease in Wnt3a expression at E9.0 already (Figures 5D and
5E), an earlier time point than in WT, anticipating an earlier end of
axial elongation in the mutants. Similarly, in line with the close
resemblance between the phenotypes of Cdx2/4 loss-of-
function mutants and mice prematurely expressing PG13 Hox
genes, Wnt3a expression was lower in the posterior region of
Cdx2PHoxc13 embryos than in controls at E9.5 (Figures 5G
and 5H), and was lost at E10.5 (not shown).
To investigate whether the decrease in Wnt3a expression was
causally involved in the slowing down of axial extension in Cdx2/
4 mutants, we asked whether a gain of canonical Wnt signaling
reached by expressing an activated form of Lef1 posteriorly (Gal-
ceran et al., 2001) would rescue the mutant truncation pheno-
type. The activated Lef1 transgene did not affect embryonic
growth and patterning in WTs (data not shown on embryos
from three pBra-catCLef1 transgenic lines). Embryos carrying
the Cdx2/4 mutations together with the activated Lef1 construct
were found to be largely rescued for their axial truncation defects
(n=7 out of 7, Table 1) and cured of their urodigestive pathology
(n=7 out of 7) (Figures 5I–5P; Table S2; data not shown). Cdx is
thus probably acting on axial extension by positively controlling
Wnt signaling activity. Considering the fact that initial Cdx
Figure 3. Rescue of Posterior Axial Extension and of Urorectal
Abnormalities in Cdx Mutant Embryos and Newborns Expressing
Transgenic Hoxb8
(A–C) Skeletal preparations of the sacrocaudal region of a (A) wild-type (WT),
(B) Cdx2/4, and (C) Cdx2/4 carrying the Hoxb8-expressing transgene.
(D–F) External lateral view of the posterior body of a P2 (D) WT, (E) Cdx2/4
mutant, and (F) Cdx2/4 mutant carrying the Hoxb8 transgene. Note the dilated
bladder/gut visible on the ventral side of the mutant pup in (E), but not in (D) and
(F). Also note the longer tail of the rescued mutant in (F) versus (E).
(G–J) Skeletal preparations of the sacrocaudal region of a P2 (G) WT, a (H)
Cdx2/4 mutant, and (I and J) two different Cdx2/4 mutants carrying the
Hoxb8 transgene.
(K) Graph showing the posterior vertebral counts of Cdx mutant and rescued
animals at P2, and the statistical significance of the Hoxb8 and Hoxa5 rescue
of the Cdx2/4 truncation phenotype.
Anterior is oriented toward the top in (A)–(C) and (G)–(J) and to the left in (D)–(F).
Error bars in (K) represent the standard deviation. n=7 for each genotype.
p values are indicated in the graph. The scale bar represents 1 mm in
(A)–(C), 5 mm in (D)–(F), and 2 mm in (G)–(J).vier Inc.
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et al., 2001; Pilon et al., 2006; Ikeya and Takada, 2001; Gaunt
et al., 2003), the molecular genetic control of posterior tissue
addition appears to utilize a positive-feedback loop of Cdx
gene products on Wnt signaling to maintain active axial exten-
sion. Experiments with morpholinos against Cdx transcripts
in Xenopus have recently suggested that Cdx upregulates
Wnt3a in this species as well (Faas and Isaacs, 2009). Targets
of the canonical Wnt pathway were also downregulated in
Cdx2PHoxc13 embryos (Figure S4B).
Cdx and Hox Genes Instruct Posterior RA Clearance
by Stimulating Cyp26a1 Expression in the Posterior
Growth Zone during Trunk Elongation
Transcription profiling experiments aimed at comparing gene
expression in the posterior tissues of Cdx2/4 mutants and WT
were performed at two embryonic stages, before (5- to 6-somite
stage) and just after (13-somite stage) the decrease in length of
posterior tissues became clearly detectable in the mutants
(Tables S4A–S4D). One of the genes found and confirmed to
be downregulated (1.61 times and 2.19 times, respectively)
was the gene encoding the RA-degrading enzyme Cyp26a1.
Confirmation of the expression decrease in mutants by quantita-
tive RT-PCR (not shown) and by in situ hybridization made it clear
that the gene is expressed at a level lower than in WTs at the 5- to
7-somite-stage (n=7) (Figures 6A and 6B), thus before there is
a decrease in the amount of posterior tissue generated, and
later. Localization of RA with a RARbeta lacZ reporter transgene
(Charite´ et al., 1994) in Cdx2/4 mutant embryos indicated that
RA was present closer to the posterior growth zone in the
mutants at early somite stages (Figures 6C–6F). This zone has
been shown in chick and mouse to comprise the progenitor pop-
ulations for trunk tissues (Wilson et al., 2009), and the newly
emerged, still undifferentiated progenitors of ectoderm and
mesoderm, that will undergo differentiation into neural tissue
(Mathis et al., 2001; Olivera-Martinez and Storey, 2007) and
somitic mesoderm (Deque´ant and Pourquie´, 2008) after the
axis extends further. An attempt to compensate for the impaired
axial elongation of Cdx mutants by lowering RA biosynthesis
through introduction of a null allele of Raldh2 (Niederreither
et al., 2002) did not produce any significant rescue (not shown).
Strikingly, Cdx2PHoxc13 transgenic embryos also manifested
a decrease in the expression of Cyp26a1 (Figure S4B), in line
with the hypothesis that failure to clear RA from the posterior
embryonic structures contributes to the truncation phenotype
in this case as well as in theCdx loss-of-function mutants. Preco-
cious expression of PG13 Hox genes and a decrease in Cdx/
trunk Hox gene expression, which cause similar posterior trun-
cation phenotypes, thus probably operate by the same mecha-
nisms.
DISCUSSION
Cdx, Hox, and Axial Elongation in the Mouse Embryo
Cdx and centralHox genes are expressed during embryogenesis
in the posterior progenitor areas delivering descendants to axial
and paraxial structures of the trunk. Our present study shows
that these genes differentially ensure the formation and expan-
sion of the axial and paraxial mesoderm and neurectoderm
emerging from progenitors in the primitive streak and in its
remnant in the tail bud. Cdx and Hox genes would assume this
function in tissue generation as an integrated part of their func-
tion in A-P patterning. A role forHox andCdx genes in expanding
the hematopoietic progenitors, located within their expressing
domain, was previously established in mouse and fish (Ernst
et al., 2004; Davidson and Zon, 2006; Wang et al., 2008; Len-
gerke et al., 2008).
Cdx mutations modulate axial elongation by affecting the
production of posterior embryonic tissues in all three germ
layers. In WTs, termination of axial extension occurs after para-
xial mesoderm has generated 58 presumptive prevertebra. It
is preceded by a period during which the growth rate slows
down, causing the PSM to gradually shrink until it is exhausted
and no further somites form (Gomez et al., 2008). In the mouse,
this slowing down occurs at an axial level between the presump-
tive prevertebra 21 and 31, and roughly corresponds to the
trunk-tail transition. In the Cdx2/4 mutants, the earliest visible
defect is the decrease in length of the PSM domain, first observ-
able at the 7- to 9-somite stage (presumptive lower cervical
vertebrae), thus much earlier than in the normal situation. The
decrease in PSM length in Cdx mutants becomes more severe
with time, until axial extension terminates at about the sacral
level shortly after E10.5 (35 instead of 58 vertebrae at birth).
The truncation defect concerns all tail bud tissues. In the meso-
derm, it consists in a decrease in segment formation rather than
in failure of differentiation of terminal segments into vertebrae
since the number of formed somites in the mutant never reaches
that in controls (Figures 5I–5K, showing the caudalmost somites
generated at E11.5 in the WT, but not in the mutants). The rescue
of these defects by a Hox transgene indicates that Hox genes
participate in this axial elongation process as mediators or as
collaborators of Cdx.
Table 1. Statistical Analysis of the Differences between the Sacral-Caudal Vertebral Counts in Cdx2/4 Mutants and Cdx2/4Mutants
Rescued by the Hox and Lef1 Transgenes
N Minimum Maximum Mean Standard Error Standard Deviation
Kolmogorov Smirnov
Test Z Value
Mann-Whitney
p Valuea
Wild-type 7 29 32 30.71 0.522 1.380 0.784
Cdx2/4 mut 7 4 13 8.86 1.184 3.132 0.481
Cdx2/4 mut Hoxb8 7 18 26 21.43 0.997 2.637 0.396 0.001
Cdx2/4 mut Hoxa5 7 9 19 14.43 1.270 3.359 0.368 0.011
Cdx2/4 mut Lef1 7 16 21 17.86 0.739 1.952 0.638 0.001
a p values correspond to the significance of the difference between Cdx2/4 mut and the genotype indicated at each level.Developmental Cell 17, 516–526, October 20, 2009 ª2009 Elsevier Inc. 521
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study because their expression is anterior in space relative to
the impairment of the posterior growth in Cdx2/4 mutants.
Figure 4. Posterior Truncation Phenotype of Embryos Precociously
Expressing Hox13 Genes
(A–D) (A and C) E9.5 embryos wild-type (WT) or transgenic for (B)
Cdx2PHoxa13 or (D) TPHoxa13, hybridized with a (A and B) paraxis or
(C and D) Hoxa13 probe.
(E–G) Dorsal views of skeletal preparations of E18.5 (E) WT, (F) Dll1PHoxc13,
and (G) Cdx2PHoxc13 mutants.
(H) Dorsal photograph of a 2-week-old homozygousCdx2PHoxb13 transgenic
pup (right) and a WT littermate.
(I) Dorsal photograph of adult mice (from right to left) transgenic for
Cdx2PHoxb13 (2 animals), double transgenic for Cdx2PHoxb13 and
Cdx2PHoxb8, and control. Note the virtually complete rescue of the
Hoxb13tg-related posterior truncation by the Hoxb8 transgene.
Anterior is oriented toward the left in (A)–(D) and toward the top in (E)–(I). The
scale bar represents 0.5 mm in (A)–(D) and 5 mm in (E)–(G).
Figure 5. Involvement of the Canonical Wnt Pathway in Posterior
Axial Extension
(A–F) Wnt3a expression in wild-type (WT), Cdx2/4 mutants, and Cdx2/4
mutants rescued with the Hoxb8 transgene at (A–C) E8.5 and (D–F) E9.0.
(G and H) Wnt3a expression in E9.5 WT and Cdx2PHoxc13 transgenic
embryos.
(I–K) Rescue by Lef1 of the arrested posterior development, including somites
in E11.5 Cdx2/4 mutant embryos. The dark area in (K) results from hemor-
rhage.
(L and M) Photographs of a (L) Cdx2/4 mutant and a (M) Cdx2/4 mutant
expressing the pBra-catCLef1 transgene constitutively activating the canon-
ical Wnt pathway.
(N–P) Skeletal preparations of a (N) WT, a (O) Cdx2/4 mutant, and a (P) Cdx2/4
mutant transgenic for the Lef1 expressing construct.
Anterior is oriented toward the left in (A)–(M) and toward the top in (N)–(P). The
scale bar represents 0.2 mm in (A)–(H), 0.5 mm in (I)–(K), and 5 mm in (L)–(P).522 Developmental Cell 17, 516–526, October 20, 2009 ª2009 Elsevier Inc.
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Mouse Hox and Cdx Genes Control Axial GrowthFigure 6. Involvement of RA Degradation together with Cdx/Hox
Genes and Wnt Signaling in Posterior Embryonic Body Axis Elon-
gation
(A and B) In situ hybridization of Cyp26a1 transcripts in E8.5 (5-somite) wild-
type (WT) and Cdx2/4 mutant.
(C–F) X-gal staining reporting RARblacZ expression (RA activity) in 5-somite
(D and F) Cdx2/4 mutants and (C and E) WT. (C) and (D) are dorsal views and
(E) and (F) are lateral views of the same embryos. Scale bars represent 0.2 mm.
(G) Schematic representation of the expression of Cdx and trunk Hox genes
(green) in the posterior part of growing embryos, paralleled by the activity of
canonical Wnt (blue) and Cyp26a1 expression (orange) in the WT. Develop-
mental stages are along the X axis, also indicating the successive phases of
involvement of central Hox and Cdx genes during axial growth of the trunk.
PG13 Hox genes are expressed with an opposite dynamic, starting at
E10.0, shortly before the trunk-tail transition (brown double arrow). The
gray double arrow shows the window of manifestation of the truncated
Cdx2/4 phenotype between E8.5 and the end of axial extension at E10.5.DevelopA Time-Related Change in the Balance between Trunk
and Posterior Hox Genes Instructs Axis Extension
and Caudal Termination
Our data show that whereas trunk Hox gene products rescue the
shortage in Cdx proteins, Hox proteins of PG13 have an opposite
effect when expressed at similar levels and in the same spatio-
temporal window. PG13 Hox genes expressed from the Cdx2
promoter cause early axial truncations, in a way mimicking Cdx
loss of function. Our data can be reconciled with a model by
which Cdx genes and trunk Hox genes would stimulate posterior
elongation of tissues by sustaining posterior growth signaling
required for the maintenance of progenitor activity. This would
take place until the most posterior Hox gene products accumu-
late, and dominantly compete with trunk Hox proteins, thus
arresting axial extension. Sequential expression of the central
versus posterior Hox genes would thus successively instruct
a phase of tissue growth during the generation of the trunk,
and a phase of slowing down (trunk-tail transition period indi-
cated in Figure 6G), leading to the arrest of tissue addition at
the end of body axis extension. This mechanism, differentially
involving the central and posterior Hox genes, would intimately
couple posterior elongation of the embryonic body axis with
patterning of the emerging tissues by the Hox combination ex-
pressed in the growth zone at that moment.
The biphasic action of Cdx/trunk Hox and posterior Hox genes
would also differentially impact on the clearance of RA, essential
for posterior axial elongation (Abu-Abed et al., 2001; Sakai et al.,
2001). RA is generated by Raldh2 in the somites and causes
differentiation of nascent tissue arisen from the posterior
progenitors (Olivera-Martinez and Storey, 2007; Ribes et al.,
2009). RA clearance is crucial in the posterior growth zone and
is carried out by the RA-degrading enzyme Cyp26a1. Expression
of Cyp26a1 follows the dynamics of Cdx expression and is
downregulated in the late phase of axial elongation (Figure 6G).
Transcription of Cyp26a1 in posterior embryonic tissues of
E8.5 Cdx2/4 mutant embryos is lower than in WTs, and a similar
situation was observed in embryos precociously expressing
Hoxc13. The decrease in Cyp26a1 activity in these situations
may contribute to a deficit of proliferation versus differentiation
in the growth zone. It will be interesting to find out whether the
effect of the Cdx or PG13 Hox proteins on Cyp26a1 transcription
is a direct effect.
A Mode of Action of Cdx/Hox Genes via a Timed
Positive-Feedback Loop on Wnt Signaling during
Trunk Elongation
Remarkably, Hox genes can drive and orchestrate the complex
process of posterior expansion of embryonic tissues during axial
morphogenesis.
It is known that Wnt signaling regulates axial elongation in
mice (Ikeya and Takada, 2001; Takada et al., 1994) and zebrafish
This window corresponds to the maintenance of Wnt signaling by Cdx and
trunk Hox genes. The red asterisk indicates the end of axial extension by
posterior addition of tissues in WT.
(H) Epistatic relationship between the genes studied in this work, including the
positive-feedback loop between Cdx and Wnt, with an emphasis on the time
dependence of the interactions, in correspondence with the three phases (initi-
ation, maintenance, and termination) indicated in (G).mental Cell 17, 516–526, October 20, 2009 ª2009 Elsevier Inc. 523
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(Gaunt et al., 2003;Ikeya and Takada, 2001; Pilon et al., 2006;
Shimizu et al., 2005) and Fgf (Bel-Vialar et al., 2002; Pownall
et al., 1998) in mice, chicks, and amphibians, and early Hox
expression also seems to be under Wnt control (Forlani et al.,
2003). Given our findings that gain of function of Lef1 in the
posterior embryonic tissues rescues the Cdx truncation pheno-
type, we propose that, in turn, Cdx and central Hox genes exert
a positive-feedback loop on Wnt signaling during body axis
elongation. Maintained Wnt signaling would sustain progenitor
self-renewing and tissue elongation until ‘‘arresting Hox’’ genes
intervene to slow down and stop this stimulation, after all axial
structures have been laid down. The expression dynamics of
Wnt3a indeed mimicks Cdx/central Hox gene expression and
drops after posteriorHox genes are highly expressed (Figure 6G).
From a database sequence search we know that there are
several potential Cdx-binding sites in the 50 flanking sequences
of both Wnt3a and Lef1, and future work will tell whether binding
really takes place and mediates transcriptional control.
Wnt signaling maintenance by Cdx/central Hox genes during
axial elongation is reminiscent of the recently elucidated relation-
ship between T Brachyury, also known to be required for axial
extension, and Wnt3a signaling in zebrafish. LikeCdx, T is initially
transcriptionally stimulated by Wnt3a (Yamaguchi et al., 1999),
and T exerts a positive-feedback control on canonical Wnt
signaling at later stages that is absolutely required for maintain-
ing axial extension (Martin and Kimelman, 2008). It will be inter-
esting to discover the relationship between T and Cdx/Hox
genes that has remained elusive thus far, since the expression
of Cdx genes in early T mutants and the expression of T in early
Cdx mutants were found to be unaffected (J.D., unpublished
data).
In conclusion, Cdx and Hox genes control posterior axial elon-
gation by differentially regulating the maintenance of canonical
Wnt signaling in the posterior growth zone. They exert this func-
tion in a globally collinear way, Cdx and trunk Hox genes stimu-
lating the elongation process via a positive regulation of Wnt
signaling, whereas posterior Hox genes compete and arrest
this process. Given the evolutionary conservation of both Hox
and Cdx genes, and the conserved involvement of Cdx genes
in axial extension in species that extend their body axis by the
posterior addition of new tissues (Copf et al., 2004; Shinmyo
et al., 2005), it is possible that the growth stimulation property
of Hox genes in axis extension is ancient in origin.
EXPERIMENTAL PROCEDURES
Generation of Transgenic Constructs and Mice
To construct the Cdx2PHoxb8, Cdx2PHoxa5, Cdx2PHoxa13, and
Cdx2PHoxb13 transgenes, full-length cDNAs for Hoxb8 (W.deG. and J.D.,
unpublished data), Hoxa5 (a kind gift of L. Jeannotte, Quebec), Hoxa13
(a kind gift of J. Innis, Michigan), Hoxb13 (a kind gift of D. Wellik, Michigan)
were cloned behind the 9.4 kb Cdx2 promoter fragment (Benahmed et al.
2008). A TPHoxa13 construct was generated by using the T Brachyury
promoter fragment cloned by the laboratory of D. Stott (Clements et al.,
1996). The TPbCatenin-Lef1 construct was described by Galceran et al.
(2001). To generate the Hoxc13 transgene, a cDNA for this gene (IMAGE
6171228) was cloned into an expression cassette containing theDll1 promoter
(Beckers et al., 2000), and behind the Cdx2 promoter described above. These
constructs were injected in mouse pronulei to generate transgenic embryos.
The RARblacZ reporter line used contains a 1.5 kb promoter fragment of the524 Developmental Cell 17, 516–526, October 20, 2009 ª2009 Elsemouse RARb1 gene (Charite´ et al., 1994). A more detailed description of these
procedures can be found in Supplemental Experimental Procedures.
Genotyping
Genotyping conditions are described in Supplemental Experimental Proce-
dures.
Histological Analysis
Specimens were fixed in 4% paraformaldehyde in phosphate-buffered saline,
embedded in paraffin, sectioned at 10 mm, and stained with hematoxylin and
eosin in standard conditions before inspection and photography.
Skeletal Analyses
Staining of embryonic day (E)15.5 and postnatal day (P)2 skeletons was per-
formed according to van den Akker et al. (2002). Vertebral formulae were
determined as described in Tables S1 and S2.
In Situ Hybridization
In situ hybridization on whole-mount embryos with riboprobes was performed
according to van Nes et al. (2006).
Quantitative RT-PCR Analysis
Quantitative RT-PCR analysis of gene expression in embryos of WT, Cdx2/4
mutants, Cdx2/4 mutants carrying the Cdx2PHoxb8 transgene, and in
embryos transgenic for Cdx2PHoxc13, was performed as described in
Supplemental Experimental Procedures.
Statistical Analysis
Statistical analysis of vertebral counts is described in Table 1. The Mann-Whit-
ney test was used to analyze the significance of the difference between the
sacrocaudal vertebral columns of Cdx2/4 mutants and Cdx2/4 mutants ex-
pressing the Hox and Lef1 transgenes. The nonparametric Mann-Whitney
test was chosen because the data sets for each genotype were not normally
distributed (Z values obtained from the Kolmogorov Smirnov test for each
genotype were higher than 0.05).
Statistical analysis of the real-time PCR data was performed by using the
Mann-Whitney test as well. The p values are indicated in Table 1 and in the
legends of the Supplemental Figures.
Genome-wide Transcriptome Analysis of Cdx Mutants versus
Controls
Microarray screens of downregulated and upregulated genes in Cdx2/4
mutant versus WT embryos were performed at the embryonic 5/6-somite-
stage and 13-somite-stage, respectively. RNA was isolated from the posterior
part of the embryos dissected at the same axial level by using the last somite
boundary as a landmark. Posterior tissues from embryos (10 embryos of the 5/
6-somite stage and 7 embryos of the 13-somite stage) of each genotype were
pooled and stored in RNAlater (Ambion, cat. AM1924). RNAs were purified by
using a kit from Qiagen (cat. 74104). cDNAs were synthesized and Cy-3/Cy-5
labeled cRNAs were generated by using a Low RNA Input Fluorescent Linear
Amplification Kit (Agilent Technologies, Santa Clara, CA). The labeled cRNAs
were hybridized on 4X44K Agilent Whole Mouse Genome Dual Color Microar-
rays (G4122F). A duplicated dye swap experiment was performed in the case
of the 5/6-somite-stage materials, and a single dye swap experiment was per-
formed for the 13-somite stage. Microarray signal and background information
were retrieved with Feature Extraction (V9.5.3, Agilent technologies). All data
analyses were performed by using ArrayAssist (5.5.1, Stratagene Inc, La Jolla,
CA) and Microsoft Excel (Microsoft Corporation, Redmont, WA). Only features
with an expression value higher than twice an arbitrarily defined background
signal were further analyzed. Genes were considered to be significantly up-
or downregulated, respectively, if their linear ratio was higher or lower than 1.5.
ACCESSION NUMBERS
Microarray data have been deposited in Gene Expression Omnibus (https://
www.ncbi.nlm.nih.gov/projects/geo) with accession codes GSE17658 and
GSE17660.vier Inc.
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Supplemental Data include four figures, four tables, and Supplemental
Experimental Procedures and can be found with this article online at http://
www.cell.com/developmental-cell/supplemental/S1534-5807(09)00347-5.
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